Herein, an effective approach to construct a low-loss metamaterial by incorporating an electric toroidal dipole response into electromagnetically induced transparency (EIT) effect has been proposed, which is numerically and experimentally demonstrated. The low-loss metamaterial consists of an I-type cut wire (ICW) and two spiral ring resonators (SRRs). It is numerically verified that the low-loss electric toroidal dipole resonance can be excited by rational rotation of SRR, accompanied by a circumfluent magnetic field distribution. Via subtle geometry adjustment, we realized the spectral overlap of electric and toroidal dipoles and then observed a low-loss EIT resonance based on destructive couplings between them. In addition, the effect of parametric variation for the metamaterial on EIT resonance is investigated. In particular, we have experimentally verified that low-loss EIT resonance is also obtained by altering the rotation axis of two SRRs. By scaling down our structure, our design also applies to higher frequencies. This low-loss scheme provides possibilities for the design of low-loss optical devices and highly sensitive sensors.
Introduction
Metamaterials exhibit several unusual electromagnetic (EM) properties 1 owing to the exibility of design of its constituent elements. 2 The articial EM material allows the realization of a plethora of EM phenomena such as invisibility cloak, 3 electromagnetically induced transparency (EIT), [4] [5] [6] [7] and chirality, 8 which are unattainable using natural materials. 9 Although metamaterials exhibit these important EM properties, their performance is limited by the occurrence of losses. 10 Specially, when the losses become very large, metamaterials and the relevant devices cannot even work.
Metamaterial losses consist of two parts: radiation and dissipation losses.
11 Dissipation loss can be minimized using a good conductor or dielectric material, whereas primary radiation loss can be reduced using destructive interference between bright and dark resonances, [12] [13] [14] known as Fano resonances or EIT effects. [12] [13] [14] Generally, the electric dipole response serves as a bright resonance, and the magnetic dipole or quadrupole response serves as a dark resonance. However, the toroidal dipole as a third family multipole is usually ignored. [15] [16] [17] [18] [19] [20] [21] This is because its EM properties are oen covered by much stronger electric and magnetic resonances. [15] [16] [17] [18] [19] [20] [21] Zheludev et al. rst experimentally demonstrated the toroidal dipolar response 22 and pointed out that it might be considered as circular head-to-tail magnetic dipoles of SRR arrangement.
22
Many similar toroidal metamaterials have been reported. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] A large number of exotic EM phenomena in toroidal metamaterials have also been veried such as polarization conversion, 20 optical activity, and EITs. 17, 20, 21 More importantly, metamaterials with toroidal dipolar response couple weakly EM waves; 23, 25 thus, their scattering loss is very low. Therefore, combining EIT resonance with toroidal dipolar response will minimize the radiation loss of metamaterials. As reported in literature, 17, 20, 25 the toroidal dipolar response interaction with other elementary multipoles 17, 20, 25 can result in EIT resonance.
26-28
Compared with EIT metamaterials with toroidal dipole response, reported in ref. 16, 17, 21 and 28 , metamaterials are three-dimensional and inconvenient to process and fabricate; hence, we propose a planar structure to achieve the electric toroidal dipolar resonance. This planar structure consists of an I-type cut wire (ICW) and two rotated spiral ring resonators (SRRs). While the low-loss electric toroidal dipole effect [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] can be excited in planar metamaterials, low-loss EIT resonance can also be achieved in metamaterials based on destructive coupling between electric and toroidal dipoles. 17, 20, 25 Owing to these effects, the total radiation losses of metamaterials are reduced, transmission is enhanced, and the low-loss EIT metamaterial is achieved. It is worth noting that in our study, we focus on the idea of combining EIT with the toroidal dipoles. Thus, the low-loss property in our structure stems from the collective action of EIT resonance and electric toroidal dipole response. In addition, our designed structure is twodimensional and refers only to a single-layer metal surface, which is easily fabricated by utilizing the printed circuit board (PCB) technology. 20, 23, 25, 26 Moreover, the transverse electric size of our structure is smaller ($0.28 l Â 0.16 l) and its thickness is lower ($0.018 l) as compared to that of the structure reported in ref. 25 (0.43 l Â 0.43 l Â 0.027 l). Therefore, our scheme is more miniaturized, and it is more convenient for integration with existing microwave or photonic circuits.
Structure design
As shown in Fig. 1(a 27 was utilized to obtain transmission spectra of the sample. We performed measurement experiments in an anechoic chamber, where two standard horn antennas 27 and an Agilent 8510B vector network analyzer (VNA) were used. 27 In our simulation, CST Microwave Studio soware was used. 27 Plane waves are incident perpendicular to the metamaterial surface, 26 with the E-eld polarized along the x-axis and H-eld polarized along the y-axis.
Results and analyses
We rst discussed the transmission responses of independent SRRs and ICW resonators and then analyzed their resonance mechanism. Fig. 2 (a) and (b) display the transmission spectra of the independent SRRs and ICW resonators, respectively. As shown in Fig. 2(a) , for the excitation of incident waves with the E-eld polarized along the x-axis, 27 the independent ICW shows a strong resonance at 5.41 GHz with a quality factor (Q factor) of 1.2. This resonance mode can be directly excited by the E-eld of the incoming waves.
25 This is because the E-eld component of the incoming waves is parallel to the longer arm of ICW, and the surface currents excited by the E-eld ow along the longer arm of the ICW, as shown in Fig. 2(c) . Thus, the resonance property of the ICW belongs to the electric dipole resonance.
15-25
On the other hand, for excitation of incident waves with the E-eld polarized along x-axis, the two SRRs show a toroidal dipolar resonance 15-25 at 5.41 GHz with a Q factor of 60.3, as displayed in Fig. 2(b) . As the H-eld component of incident waves is parallel to the SRRs, the toroidal dipolar resonance in SRRs cannot be excited by the H-eld. [20] [21] [22] [23] [24] [25] Thus, this resonance response belongs to electric toroidal dipolar resonance. [20] [21] [22] [23] [24] [25] This can be demonstrated by magnetic eld and surface current distributions inside our structure, as shown in Fig. 2 (d) and 3(a). For x-polarized incident waves, circular currents are excited in each SRR loops. Moreover, two circular currents induce the circulating magnetic moments m encircling the central part of the two SRR structure, as shown in Fig. 3(a) . As a consequence, this causes a toroidal moment T along the xaxis. In this case, a head-to-tail magnetic dipole of circumuent magnetic eld 15-25 distributes in two rotated SRRs, as shown in Fig. 2(d) , which is a typical characteristic of toroidal dipoles.
This eld distribution suppresses the radiation in free space;
15-25 thus, scattering loss of the metamaterial is decreased, and a high Q factor of resonance dip appears in the transmission spectrum. The orientation of the toroidal dipole moment is along the rotational x-axis, parallel to the exciting Eeld; this further veries its electric resonance origin. 22, 23, 28 In addition, it is found that most electromagnetic energies concentrate in the dielectric substrate with toroidal geometry. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] As pointed out in ref. 15-20 and 22 , this eld distribution implies that losses in the metamaterial are greatly overcome. Thus, the proposed toroidal metamaterial convincingly exhibits the low-loss property for the toroidal mode. To further verify the validity of the toroidal dipole response in the two SRR structures, we calculated the scattered powers for the three major multipoles: the electric dipole, the magnetic dipole, and the toroidal dipole, in arbitrary units according to the volume current density distribution in a unit cell. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The calculated results are shown in Fig. 4 . It can be seen from Fig. 4(a) that the traditional magnetic dipole moment M has been suppressed, whereas the toroidal dipole moment T plays a crucial role as compared to the electric and magnetic dipoles. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] In particular, the toroidal dipole moment T reaches its peak value at 5.41 GHz, whereas the electric dipole moment P reaches its dip value as well. At 5.41 GHz, the radiating power for the toroidal dipole moment is about 4 times larger than that for the electric dipole moment. As a consequence, in the two SRR structures, we obtained the toroidal dipole response.
15-28
The toroidal dipolar excitation also manifests itself as a dip in the transmission spectra at 5.41 GHz, as shown in Fig. 2(b) . Based on the abovementioned analysis, we concluded that the two SRR structures with toroidal dipole response were responsible for the low loss property. As a result, to minimize the radiation loss of the metamaterial, the ICW resonator with electric dipole response is expected to introduce the toroidal geometry. Based on destructive coupling between scattering elds of electric and toroidal dipoles, a low-loss EIT metamaterial can be obtained. To achieve EIT resonance, resonators with similar resonance frequencies and different Q factors are necessary. [12] [13] [14] 28 In our conguration, by deliberately optimizing the parameters, the resonance responses of the SRRs and ICW resonators can satisfy the abovementioned conditions. As a consequence, SRRs with a high Q factor serve as the dark resonator, [4] [5] [6] [7] [12] [13] [14] whereas an ICW with a low Q factor acts as a bright resonator.
4-7,12-14 When we combined the SRRs and ICW resonators, forming the unit cell displayed in Fig. 1(a) , an EIT window appeared in the transmission spectra because of the destructive coupling of scattering elds between them, [4] [5] [6] [7] [12] [13] [14] 17, 25 as shown in Fig. 5(a) . It is observed that the frequency of the EIT window is about 5.41 GHz, and its peak is about 0.8. Hence, the low-loss EIT effect is achieved. Simultaneously, it is also found that the measured transmission curves coincide with the simulation curves; 27 this further demonstrates the validity of generation of low-loss EIT resonance.
To demonstrate slow light behavior with low loss in the EIT structure, the effective group index n g (ref. 4, 5 and 7) and the imaginary part of the effective refractive index Im(n eff ) 4,5,7 are extracted from the S parameters, and the results are plotted in Fig. 5(b) . It is seen that the n g value attains 647 in the transparency window, which indicates that the light velocity can be slowed down by a factor of 647, 29, 30 related to the strong phase dispersion of EIT resonance. 4, 5, 7, 29, 30 The effective group index in our structure is much larger than the values reported in classical EIT schemes. [6] [7] [8] 11, 25 Additionally, it is found that the Im(n eff ) is very small in the EIT window, i.e., the absorption loss is very low. These abovementioned characteristics prove that a low-loss EIT metamaterial has been realized, and their origin is based purely on destructive couplings between electric and toroidal dipoles.
4-7,12-14,17,25
To illustrate the collective action of toroidal dipole response and EIT resonance in reducing losses in the metamaterial, we simulate surface current distributions at EIT resonance, as shown in Fig. 3(b) . As shown in Fig. 3(b) , for x-polarized incident waves, circular currents are excited in both SRRs. Moreover, two circular currents induce the circulating magnetic moments m across the SRR structures. As a consequence, this causes a toroidal moment T along the negative x-axis. In addition, the electric dipole moment P along the positive x-axis is excited. Hence, electric and toroidal dipoles undergo destructive coupling, and most currents are located in the low loss toroidal geometry. 17, 20 As a consequence, a low-loss metamaterial is obtained by exciting EIT resonance with toroidal response.
To further discuss the collective action of toroidal dipole response and EIT resonance toward reducing losses in the metamaterial, we calculated the scattering powers of three major multipoles for the EIT metamaterial with toroidal dipole response, as shown in Fig. 4(b) . We found that the main contribution over the entire frequency band was provided by the excitation of toroidal and electric dipoles. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In particular, the toroidal dipole moment T reaches a peak value at 5.41 GHz, whereas the electric dipole moment P reaches its peak value as well. This means that the toroidal and electric dipoles are collocated and coherently oscillate at the same frequency 5.41 GHz. 17, 20 Hence, the radiated electromagnetic elds of electric and toroidal dipoles interfere destructively and disappear outside the metamaterial. 17, 20 As a consequence, the losses of the metamaterial are suppressed, and a low loss metamaterial based on EIT resonance with toroidal dipole response is achieved. Considering that the EIT effect plays a key role in reducing losses of the metamaterial, it is necessary to profoundly explore the physical origin of EIT generation. Thus, we plot the surface current distributions at resonance dips and peak, as shown in Fig. 6 . It is clearly seen that the induced currents reveal different distribution characteristics. At the rst resonance dip, the current ows of the bottom arm for SRRs and the longer arm of ICW are same, and more currents concentrate in the ICW resonator, as depicted in Fig. 6(a) . At the second resonance dip, the current ows of the bottom arm for SRRs and the longer arm of ICW are opposite, and the currents are mostly located in the ICW resonator, as displayed in Fig. 6(c) . At the resonance peak, most currents are located in the dark SRRs, whereas there is hardly any current appearing in the ICW, and the anti-parallel currents 31 ow in each SRR and ICW. This current distribution behavior results from the destructive interference of EM elds between bright dipole and dark toroidal dipole modes. [4] [5] [6] [7] [12] [13] [14] 17, 25 In addition, we notice that currents in two SRRs show anti-symmetry distribution characteristic.
25,31
Hence, the net residual currents in both SRRs are very small. As a consequence, the overall radiation losses in the metamaterial are dramatically decreased, 6, 7, 11, [27] [28] [29] [30] the transmission is enhanced, 6, 7, 11, [27] [28] [29] [30] and the low-loss EIT resonance is obtained. 6, 7, 17, 25 As previously discussed, the destructive coupling between electric and toroidal dipoles 17, 25 leads to low-loss EIT resonance. 17, 25 To explore the effect of destructive coupling 6,7,17,25 on EIT resonance, the distance s between the SRRs and ICW resonators is changed from 0.25 mm to 0.75 mm (in this case, s 1 ¼ s 2 ¼ s), and the results are displayed in Fig. 7(a) . It is observed that when the distance s decreases, the destructive coupling between the resonant elements 6,7,11,27-30 gradually increases; this results in a more obvious EIT window. We also investigated the effect of the offset ss on the EIT resonance (the offset ss refers to separation of the two SRRs deviating from the center of ICW, as shown in the inset of Fig. 7(b) ). As shown in Fig. 7(b) , the EIT resonance is found to be hardly affected by the offset ss. A similar effect also appears in the transmission spectra when s 3 is varied, as shown in Fig. 7(c) . Herein, s 3 is the offset between the two SRRs (inset of Fig. 7(c) ). In addition, when s 2 is kept constant and s 1 is varied, the transparency window is split into two transmission peaks due to asymmetric couplings 17, 31 between the SRRs and ICW resonators. In other words, when s 1 is varied, the ICW undergoes selective coupling 17, 31 with the two SRRs because of the asymmetric conguration; 17, 31, 32 this results in a dual-band EIT effect, as shown in Fig. 7(d) . Based on the abovementioned analysis, it is concluded that the transverse coupling separations ss and s 3 between the SRRs and ICW have minor inuences on EIT resonances, whereas the longitudinal coupling separations s 1 and s 2 between the SRRs and ICW have vital inuences on EIT behaviors. A study of these parameters is very important for optimizing and designing an EIT metamaterial. For example, we may adjust the width and strength of the EIT window by changing the longitudinal spacing s.
In addition, we altered the rotated axis of the two SRRs (i.e. two SRRs are 180 rotational symmetry about y-axis); this formed a new structure, as shown in Fig. 8 (a) and (b). In these gures,
4 mm, and the other parameters are same as shown in Fig. 1(a) . In this new structure, the ICW resonator serves as a bright resonator, 6, 7, 17, 25 whereas the two SRRs serve as a dark resonator. 6, 7, 17, 25 Hence, destructive interferences between the bright dipolar mode 16, 17, 21, 25 induced by ICW and dark toroidal dipolar mode 16, 17, 21, 25 induced by two SRRs lead to a low loss EIT effect, as shown in Fig. 8(c) . In this case, the transmission intensity is enhanced to more than 0.8, and measured results also demonstrate the low-loss EIT effect. Moreover, we extracted the effective group index 4,5,7 and effective refractive index 4, 5, 7 to verify the low-loss slow light behavior, as displayed in Fig. 8(d) . As expected, in the transparency window, n g is increased to 973, and Im(n eff ) is very small. These Fig. 9 (a) EIT structure at higher frequencies, (b) transmission spectrum, (c) magnetic field distributions at transmission peak frequency.
phenomena further testify the low-loss EIT resonance observed from the transmission spectra, 29, 30 as shown in Fig. 8(c) . Finally, we also demonstrated the validity of our scheme at higher frequencies. We have scaled down our structure, and the corresponding results are displayed in Fig. 9 . In this structure, the geometrical parameters are designed as a ¼ 2000 nm, l 1 ¼ 1900 nm, l 2 ¼ 250 nm, l 3 ¼ 600 nm, l 4 ¼ 380 nm, l 5 ¼ 400 nm, l 6 ¼ 660 nm, l 7 ¼ 250 nm, and s 1 ¼ 86 nm. The two SRRs and cut wire are made of gold with a thickness of 100 nm.
14 The width of all the gold wires is 100 nm. These gold patterns are fabricated on a substrate with a permittivity of 4.82, a loss tangent of 0.01, and a thickness of 200 nm. Similarly, a low loss transparency window with an amplitude of 0.7 appears at 36.2 THz owing to destructive interferences between bright dipolar mode induced by cut wire and dark toroidal dipolar mode induced by two SRRs. Specially, at the EIT peak resonance, a head-to-tail magnetic dipole of circumuent magnetic eld [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] locates in the two rotated SRRs. These results verify that the low-loss property for our metamaterial results from collective action of EIT resonance and toroidal dipole response. As a consequence, our scheme can also be applied to higher frequencies.
33,34

Conclusion
We numerically and experimentally veried that the destructive coupling between the electric dipoles and toroidal dipoles led to low-loss EIT effects in a metamaterial formed by an ICW and two SRRs, acting as bright and dark resonators, respectively. In essence, the low-loss property stems from the collective action of EIT resonance and electric toroidal dipole response. It is numerically shown that the electric toroidal dipole resonance with low loss can be obtained by rotating SRR reasonably. Specially, the destructive interferences between the electric dipole and toroidal dipole resonances result in a low-loss transparency window. The simulated imaginary parts of the effective refractive index, magnetic eld distributions, and surface currents have also demonstrated the low-loss property of the metamaterial. Moreover, it is very interesting that the lowloss EIT resonance can be observed when the two SRRs are rotated about the y-axis; this is demonstrated via numerical simulation and experimental measurement. By scaling down our structure, our design can also apply to high frequencies.
33,34
This low-loss scheme offers an opportunity for the design of low-loss optical devices and highly sensitive sensors.
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